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Abstract

CMIPS5 historical experiments are examined to assess the ability of models to simulate
drought and persistent wet events over the United States. A total of 14 models are selected for
this study. They are CanESM2, BCC-CSM1.1, CCSM4/RSMAS, CNRM-CM5, CSIRO-
Mk3.6.0, GISS-E2-H, GFDL-ESM2G, HadGEMZ2-ES, IPSL-CM5A-LR, MIROC4h, MIROC-
ESM, MPI-ESM-LR, MRI-CGCM3, and NorESM1-M. The models have different skill in
simulating the frequency of occurrence (FOC) of persistent precipitation and soil moisture
anomalies. Extreme events should be more (less) persistent over the western (eastern) United
States. Only the CCSM4 model is able to fully capture the east-west contrast of the
hydroclimate regimes. Most models either have too few persistent extreme events or they
misplace the maxima over the southern Plains. The models which are able to capture the rough
locations of maxima also have a realistic climatology for precipitation and are able to capture the
influence of ENSO on precipitation over the United States.

The response by extreme events to an increase in CO, using the RCP 4.5 and RCP 8.5
projection experiments is also analyzed. The differences in FOC between the projection and
historical experiments are small when each experiment’s own climatology is used; however, the
differences are large when the climatology of the historical experiment is used for both
experiments. Most models show some decrease (increase) in wet (dry) events in Mexico and the
Southwest and an increase (decrease) in wet (dry) events in the northeastern and eastern United

States. Results are also similar to the previous assessment of the CMIP 3 experiments.
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1. Introduction

Climate change projections from coupled atmosphere-ocean-land models show
significant decadal variability. For North America, one of the major conclusions from the
Intergovernmental Panel on Climate Assessment Report Four (IPCC AR4) is that drought will
occur more often over the Southwest, northeastern Mexico, the Caribbean and the adjacent land
areas while persistent wet events will occur over the Northeast (Seager et. al 2007, Seager and
Vecchi 2010). The drying in the Southwest is attributed mainly to the poleward expansion of the
dry zone in the subtropics, while the wetness over the Northeast is due to the northward
movement of the storm tracks. These changes are results of differences in the climatology.

The change in drought occurrence can also be influenced by changes in the oceanic
variability and the atmospheric responses to these changes. For example, the World Climate
Research Programme (WCRP) Coupled Model Intercomparison Project 3 (CMIP3) 21% Century
Special Report for Emission Scenario (SRES) A1B experiments show that there is a change in
the sea surface temperature (SST) variability in the Tropical Pacific. The SRES AlB
experiments simulated climate change with CO; concentration of about 700 ppm by 2100 (Meehl
et al. 2009). Yeh et al. (2009) reported that a change in the mean thermocline depth leads to a
change in ENSO characteristics in the SRES A1B experiments. Therefore, there will be more
frequent occurrences of the central Pacific ENSO, with the center of warm SST anomalies
(SSTAS) located in the central Pacific, and less occurrences of the traditional ENSO, with the
warmest SSTAs located in the eastern Pacific. Their ENSO events were defined according to the
Nino 3 and Nino 4 SST indices during winter in the 20" century historical simulations and in the

SERS A1B projections. Precipitation over the United States will respond differently to these two
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types of ENSO (Mo 2010). Therefore, the changes in the variability of SSTAs can also impact
extreme events.

There are two very different hydroclimate regimes over the United States; drought and
persistent wet events are more likely to occur over the western interior states and less likely to
occur over the east. Mo et al. (2012) examined the ability of the CMIP3 models in the 20"
century historical simulations for the IPCC AR4 and the National Centers for Environmental
Prediction (NCEP) Climate Forecast System (CFS) models to simulate drought occurrence.
They found that only the higher resolution CFS models are able to capture the east-west contrast
of the hydroclimate over the United States. These models also have a realistic seasonal cycle
and are able to capture the P responses to ENSO. Overall, most CMIP3 models are not able to
capture this east-west contrast. If most models cannot simulate realistic drought over the United
States historically, will their projections be reasonable?

To address the scientific questions that arose from the IPCC AR4 and to have a better
understanding of the decadal variability, the WCRP’s working group on coupled modeling
designed the CMIP Phase 5 (CMIP5) experiments (Meehl et. al. 2009, Taylor at el. 2012). One
of the objectives of the CMIP5 experiments is to evaluate how realistic the simulations are and
provide guidance on future projections of climate change. There is a comprehensive and
coherent effort to diagnose and evaluate the CMIP5 historical experiments over the United States
(Sheffield et al. 2012a, Sheffield et al. 2012b) and assess the 21* century projections over North
America (Maloney et al. 2012) organized by the NOAA Modeling, Analysis, Predictions, and
Projections (MAPP) Program CMIP5 Task Force.

In this paper, we will focus on persistent drought and wet events over the United States.

One advantage of the CMIP5 experiments is that the models have a higher resolution than the
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CMIP3 experiments (Taylor et al. 2012). The higher resolution should improve the ability of
models to simulate a realistic hydrologic cycle and the occurrence of these extreme events.
Therefore, our objectives are (1) to document the ability of the CMIP5 models to capture the
frequency of occurrence of persistent extreme events in the historical experiments, (2) to
investigate the projections by looking at the mechanisms behind the changes in the FOC of
extreme events with increases in CO, and (3) to recommend whether the projected changes are
realistic.

1. Data and Procedures

a) Observations

The observational data sets used for this study are the same as those used in Mo et al.
(2012) for P and soil moisture, but updated to 2010. We review them briefly here for
completeness. Two observed P datasets are used: monthly P from the University of Washington
(UW) for the period from 1915 to 2010 and the monthly mean Climate Prediction Center (CPC)
unified P data (Xie et al. 2010) which covers the period from 1950 to 2010. The horizontal
resolution for both datasets is 0.5 degrees. Each dataset is treated as one member of the P
ensemble.

Soil moisture (SM) data are taken from the North American Land Data Assimilation
Systems (NLDAS) from the UW (Wang et al. 2009) because no long term observed data set is
available. The SM ensemble members are outputs from three land surface modals (LSMs):
Variable Infiltration Capacity model (VIC) (Liang et al. 1994, 1996), Noah (Koren et al. 1999,
Ek et al. 2003), and Sacramento (SAC) (Burnash 1973). The dataset covers the period from 1916
to 2006. The SM time series from each NLDAS model simulation is considered one member of

the SM ensemble.
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b) CMIP5 Model Simulations
For this study, fourteen models are examined from the CMIP5 submissions. They are the
CanESM2 (CAN), CCSM4/RSMAS (CCSM4), CSIRO-Mk3.6.0 (CSIRO), IPSL-CM5A-LR
(IPSL), MPI-ESM-LR (MPI), BCC-CSM1.1 (BCC), CNRM-CM5 (CNRM), GFDL-ESM2G
(GFDL), HadGEM2-ES (HadGEM2), MRI-CGCM3 (MRI), NorESM1-M (NCC), MIROC-
ESM, MIROC4h, and GISS-E2-H (GISS). The model output is available from the Program for
Climate Model Diagnosis and Intercomparison (PCMDI) at their web site

http://www.pcmdi3.lInl.gov/esgcet/home.htm.

Three experiments are utilized in this study at a monthly temporal resolution. The
historical experiment covers the period from 1850 to 2005, and the Representative Concentration
Pathway (RCP) 8.5 and RCP 4.5 projection experiments cover the period from 2006 to 2100.
The historical experiment is used as a control run for the 20" century to define the current
climatologies of the model. The two projection simulations are used to show a “high emissions
scenario” with the RCP 8.5 projection and a “midrange mitigation emissions scenario” with the
RCP 4.5 projection (Taylor et al. 2012). For the RCP 8.5 experiment, modelers were asked to
slowly increase the amount of CO, in the atmosphere during the 94-year period until the CO,
level reached four times current levels in 2100. The RCP 4.5 experiment, which calls for a
doubling of CO; instead of a quadrupling similar to the CMIP3 SRES A1B experiment, is also
used here as a comparison to the RCP 8.5 experiment. Additional information on the

experiments can be found in the CMIP5 Experiment Design report (http://cmip-

pcmdi.lInl.gov/cmip5/) and in Taylor et al. (2012).
Each model submission varies in resolution and number of ensemble members. This

information and each model’s institution are presented in Table 1. Resolutions between models
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range from 3.75 x 1.89 degrees to 0.56 degrees. Two models, MIROC4h and GISS-E2-H, do not
have RCP 8.5 experiment submissions that coincide with the historical experiment physics and
are therefore omitted from the portion of this paper dealing with projections. Also, many of the
models only have one RCP 8.5 submission. Because multiple ensemble members are ideal for
this analysis, the first five models listed in Table 1, CanESM2, CCSM4, CSIRO-MKk3.6.0, IPSL-
CM5A-LR and MPI-ESM-LR, which have three or more members for each experiment, are the
focus of the later portion of this paper.

c¢) Drought Classification

In this paper, we will analyze both meteorological drought, measured by P deficit, and
agricultural drought, measured by SM deficit (Keyantash and Dracup 2002). The drought index
used to classify meteorological drought is the 6-month Standardized Precipitation Index (SPI6)
while soil moisture percentiles are used to classify agricultural drought (Mo 2008).

The procedures used to calculate drought indices are described in Mo et al. (2012).
Therefore, the description here will be brief. For observations, the SPI6 is computed from the
two P data sets, and SM anomaly percentiles are computed for each member of the SM NLDAS
outputs. The same drought indices are computed for each member of the CMIP5 experiments
using P and SM.

For a given experiment, we append the time series of SP16 (or SM percentiles) from each
member together to form one long time series. N IS the total months of runs from a given
experiment or the length of an observed data set. At each grid point, an extreme negative
(positive) event is selected when the SPI6 index or the SM percentile is below (above) a certain
threshold. The threshold for SPI6 is -0.8 (0.8) for a dry (wet) event (Svoboda et al. 2002). The

threshold for the SM percentile is 20% (80%). At each grid, the number of months (N) that
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extreme events occur is 20% of the record length. (N/Nw = 20%). Because an extreme drought
(persistent wet) event means persistent dryness (wetness), a drought (wet) episode is selected
when the index is below (above) this threshold for 3 consecutive seasons (9 months) or longer.
The number of months that an extreme event persists for more than 9 months is labeled as N,
The frequency of occurrence of drought or persistent wet spells (FOC) is defined as the ratio

between the number of persistent extreme events and the total number of extreme events:
FOC= Ny/N. Eq. (1)

d) ENSO composites
ENSO composites are calculated using EI Nino (warm) and La Nina (cold) seasons. These
seasons are selected using the Nino 3.4 Index, which is defined as the SSTAs averaged over 5°S-
5°N and 170°-120°W, normalized by the monthly mean standard deviation, and averaged over a
3-month period. A season (JFM, AMJ, JAS, and OND) is defined as an El Nino (La Nina)
season if the value is above (below) a 1.0°C threshold. Normally a threshold of 0.5 °C would be
used; however, the ENSO signal in the models appears to be very strong. Therefore a more
stringent criterion is used to select seasons with the strongest ENSO signal. Once a season is
defined, all El Nino (La Nina) years for each season are averaged together for a given variable
(SSTA or SPI6) to form the seasonal composites. The composite for each season can then be
averaged together to create an annual ENSO composite for both warm and cold events.
Therefore, the same events are used for both the SSTA and SP16 composites.

For observations, a season is defined as El Nino or La Nina using the CPC historical
Oceanic Nino Index (ONI) -

http://www.cpc.ncep.noaa.gov/products/analysis monitoring/ensostuff/ensoyears.shtml
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These values are based on SST anomalies in the Nino 3.4 region using a 0.5 °C threshold. The
SST data used to calculate the composites are from the Climate Data Assimilation System
(CDAS) which is part of the NCEP/NCAR Reanalysis Project (Kalnay et al, 1996). Monthly

data is used from 1950 to 2011.

2. Simulation of historical experiments

a) Frequency of occurrence

Over the United States, there are two hydroclimate regimes. As seen in Fig. 1f, the
western interior regime west of 95°W is relatively dry. In this area, the vegetation is sparse and
the water holding capacity is large. Both P and SM anomalies are more likely to persist (Mo
and Schemm 2008). In the eastern United States, it rains often with an annual rainfall of more
than 4 mm day™. Therefore, dryness in one season is likely to be relieved in the next season,
and anomalies are less likely to persist. Most models do fairly well in capturing the maxima in
P in the Southeast and Pacific Northwest regions, although exact locations vary (Fig. 1). The
models show more variability when looking at the dryness in the interior. They all tend to
show less P in the region, but most models are still too wet. Only the CAN, CSIRO, IPSL,
MPI, and HadGEM2 models show P values dropping to below 1.5 mm day™ in the western
interior. These two regimes of wetness in the east and dryness in the west create the east-west
contrast that is the signature of the FOC of persistent wet and dry events for both
meteorological drought classified by SP16 (Fig. 2f) and agricultural drought classified by SM
percentiles (Fig. 3f).

The observed FOC of extreme events based on SPI6 (Fig. 2f) shows a band of maxima
over the western interior states. It also shows another band of maxima extending from Nevada

and Utah to the Southwest and Texas. Persistent events are also found over the Great Plains
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with a weaker maximum located in Kansas. In Fig. 2, both the CCSM4 and CAN models
capture the east-west contrast, although magnitudes of the FOC are too weak for the CAN. The
MPI also captures the signal with one maximum located at Utah and another one over the
Great Plains, but the second maximum over the Great Plains is too strong in comparison with
observations. This is an improvement in comparison to the MPI CMIP3 simulation (Mo et al.
2012). For the CMIP3 model, the MPI only shows one maximum located over the Southern
Plains. The MRI shows weak maxima centered over Nevada and the Four Corners, but the
pattern is less organized. The NCC and MIROC_ESM show a band of maxima over the
Southwest, but the FOC north of 40°N is too weak. The MIROC4h is a high resolution model
with 0.56° resolution but P is very noisy. It does not capture the east-west contrast, but it does
show large values over the western interior regime. The extreme events simulated by the
MIROCA4h tend to persist for only 4-6 months instead of 9 months. The remaining models fail
to capture any hint of the east-west contrast. The IPSL, CNRM, and GISS have maxima
located over the Gulf region, while the CSIRO, BCC, and GFDL models mostly have a
maximum over the Southern Plains. The GFDL model also has an additional maximum over
the upper Missouri river basin in Montana, and the FOC is very similar to the CMIP3 historical
experiment results. The worst model is the HadGEM2 which has anomalies that are too weak.
This is because the anomalies do not persist long enough to be counted as persistent events.

It is interesting to note that although a model can capture the FOC for the meteorological
drought, it may not simulate the agricultural drought classified by SM (Fig. 3). For SM, the
FOC from the NLDAS shows that persistent anomalies are located over the region west of
90°W (Fig. 3f). The SM FOC in the CAN model, which also did well in simulating FOC for the

meteorological drought, shifts the maximum to the central United States (Fig. 3a). This is also
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true for the HadGEM2, MRI, NCC and GISS models. Some models that failed to capture the
east-west contrast in the meteorological drought do better with the agricultural drought, such as
CSIRO, CNRM, MIROC-ESM, and MIROC4h. IPSL and BCC do not have enough persistent
extreme events, while GFDL has too many over the entire United States. The best performing
model in simulating the FOC for agricultural drought is the MPI model. It captures the east-
west contrast and also has realistic magnitudes. The CCSM4 model, which performs best for
meteorological drought, has some indications of the east-west contrast, but there are too many
events along the Gulf Coast and the North-Central United States.

b. Diagnostics

In this section, we will examine the ability for models to capture a realistic climatology
and the response to ENSO. Mo et al. (2012) demonstrate that models that capture the east-west
contrast of FOC are also models that have realistic P climatology and are able to capture the
influence of ENSO over P in the United States.
One reason that extreme events over the western interior region persist is that the region

is very dry with an annual mean P of less than 1-1.5 mm day™ (Fig. 1f). Also the region has a
very weak seasonal cycle (Fig. 4f). It does not rain often, and once drought occurs, it tends to
persist. This is in stark contrast to the East. As discussed early in Fig. 1, many models tend to be
too wet in the western interior. The CAN and CCSM4 models which have more realistic SP16
FOC also have a realistic P climatology. Fig. 4 shows the magnitude of the P seasonal cycle
estimated by the difference between P maximum and P minimum divided by 2. Both the interior
western region and eastern United States have very weak seasonal cycles, with stronger signals
over the central United States and Pacific coast. Most models do very poorly in simulating the

seasonal cycle. They tend to do well over the Pacific coast, but the maxima over the central
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United States is usually too far west and is too strong in the Southeast; however, there does seem
to be an improvement over the CMIP3 models (Mo et al. 2012).

ENSO is the major forcing that regulates the precipitation over the United States. Mo
(2011) studied the relationships between drought and ENSO and found that drought over the
southern Plains, Mississippi River Basin and the Gulf States is most likely to occur during cold
ENSO events. Here, composites are used to examine the ability of models to simulate ENSO and
the SP16 responses.

Fig. 5 shows the composite difference of surface temperature anomalies between cold
and warm ENSO events in the historical experiments. The observations show negative
anomalies extend from the eastern Pacific to the dateline in the central Pacific (Fig. 5f). Almost
all models have an ENSO signal except for the MIROC-ESM which shows very weak composite
differences. One of the common errors found in the CMIP3 models is that the simulated SSTAs
associated with ENSO extend to the western Pacific and the maritime continent (Joseph and
Nigam 2006). This extension will influence the responses to ENSO downstream. Most CMIP5
models still show this same problem with SSTAs extending too far west. Only five models, the
BCC, CNRM, HadGEM2, MRI, and NCC, have anomalies extending only to the dateline. The
HadGEM2 also seems to have a cold pool in the Northern mid-latitudes which is not seen in
observations or any of the other models.

The errors in SSTAs associated with ENSO should impact the P and SPI16 responses. The
SPI16 composites between cold and warm events are given in Fig. 6. The ENSO composite for
observations (Fig. 6f) shows dryness over the southern United States with a band of maxima
extending from Utah and Colorado to New Mexico and Texas. There is also wetness in the

Northwest and over the Ohio River Valley. Note that because the signal is somewhat weak in
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the models, we chose not to mask out values with significant levels below 5% significance.
Most models show dryness over the southern United States and a little over half show wetness in
the Northwest; however, the magnitudes of the composite are too weak. Only the NCC shows
any wetness near the Ohio River Valley. Both the CAN and CCSM4 models capture the
responses to ENSO well, and these two models also have realistic FOCs (Fig. 2). In addition to
these two models, the CSIRO, MRI, and NCC also show dryness over the western states with
weaker magnitudes. They also show a hint of correspondence between the SPI6 ENSO
composites and the SP16 FOCs. Although the HadGEM2 model has an ENSO signal in the
Tropics, it does not capture the response in SPI6. This is consistent with its inability to capture
the SP16 FOC. For a model to capture the FOC of extreme events for meteorological drought it
not only has to have a realistic ENSO signal in SSTAs in the tropical Pacific, it also needs to
capture the P responses to ENSO.

It is interesting that the model that best captures the FOC of the extreme events for
meteorological drought is not necessary the best model that captures the FOC for agricultural
drought. To capture the FOC for agricultural drought, which is based on the soil moisture
percentiles, the model needs to capture the persistence of SM. Fig. 7 shows the characteristic
time, T,, computed based on the SM anomalies in months (Trenberth 1984). The T, value
represents persistence of SM. It estimates the time it takes for SM to overcome the impact of the
initial conditions. For the NLDAS, T, shows the east-west contrast over the United States. Over
the western region, T, is longer than 2 years. Over the eastern United States, T, is less than 6
months; however, this is still longer than the persistence of P. The persistent nature of SM is the
reason that once a region is under agricultural drought, it takes the SM in the region a long time

to recover. There is a good correspondence between T, (Fig. 7) and FOC for the agricultural
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drought (Fig. 3). The best simulations are from the CAN, CSIRO, MPI and GISS; they capture
the pattern and magnitudes well. For many models, the maxima shift too far east. The IPSL and
BCC models have weak, unrealistic simulations for the persistence of SM and they do not
capture the FOCs for the extreme events.

Overall, most models are not able to capture the FOC of extreme events for either
meteorological or agricultural drought. The question is whether the poor performance of the
model will influence its ability to predict the influence of rising CO, in the projections? The

answer to this question depends on the mechanisms responsible for changes in the projections.

3. The 21™ Century Projection Experiments

a) Changes in FOC

In this section, we will examine the changes of FOC for meteorological and agricultural
droughts due to the increase of CO, projected by both the RCP 4.5 and RCP 8.5 experiments.
There are two possibilities as to why the FOCs change between the RCP and historical
experiments: 1) there is a change in climatology or 2) there are changes in oceanic and
atmospheric circulations which in turn influence the occurrence of drought. If the climatology is
the cause, the model only has to simulate the climatological differences between the two
experiments to have realistic projections of the FOC for extreme events. As found in the SRES
A1B experiments, the SSTA and atmospheric variability may also change due to the increase of
CO; (Yeh et al. 2009). This will then change the behavior of the extreme events over the United
States. In this case, the model will be required to capture the different responses to these
changing ENSO events in order to have a realistic projection.

Both changes in climatology and changes in variability can impact the FOC over the United

States, and they can occur simultaneously. To examine these two causes, we compute SP16 from
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P for the RCP 4.5 and RCP 8.5 experiments using their own projected monthly mean P
climatology. The differences between the FOC for the historical experiments and the projection
experiments represent changes due to SSTA variability including the changes in the ENSO
modes. As discussed in Section 2, only five models are used to investigate the projections. The
other models either did not have projection submissions or did not have enough members to
create a long enough time series. Short time series do not have enough extreme events for
significant results. Fig. 8 shows the SP16 FOC differences between the RCP 8.5 experiments and
the historical experiments where the P anomalies are based on each experiment’s own
climatology for positive (wet, left panel) and negative (dry, right panel) events. There are very
few differences over the United States. None of the difference maps can pass the field
significance test. The differences using the RCP 4.5 experiments show similar results (not
shown). This implies that once the model reaches equilibrium, the responses to the changes in
SSTA variability in the new climate are small. Of course, there is also a possibility that the
models do not capture the changes in SSTA modes or the responses to them.

The differences in SP16 FOC between the RCP 8.5 or RCP 4.5 experiments and the historical
experiments are again shown in Fig. 9 for positive extreme events and Fig. 10 for negative
extreme events. With these plots, anomalies are computed according to the climatology of the
historical experiments for all three experiments. Therefore, the changes of FOCs are due to the
difference in climatology between the historical and projection experiments. There is symmetry
between the changes in FOCs for the positive and negative events. With the increase of CO,,
most of the models show an increase (decrease) in the occurrence of drought (persistent wet
events) over the Southwest and Northern Mexico and a decrease (increase) in the occurrence of

drought (persistent wet events) over the Northeast and the northern United States. As discussed

15



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

in the introduction, this dryness in the southwest and wetness over the Northeast are consistent
with results reported in the WCRP AR4 (Seager et al. 2007). The general picture is similar for
the five models, but the details differ. For example, the CAN and IPSL models show an increase
of wet events over the Pacific Northwest (Fig. 9), but the CSIRO and MPI models show little to
no increase. Overall, the differences between RCP 4.5 and RCP 8.5 are very similar with RCP
8.5 differences being only slightly stronger. This implies that after the CO, amounts reach a
certain threshold, additional CO, will have little effect on the persistent behavior of the extreme
events.

Fig. 11 shows the differences in SM FOC between the RCP 8.5 and historical
experiments with positive events on the left and negative events on the right. Again, only the
historical climatology is used to calculate anomalies. The CCSM4 model has been removed
from this plot because the CO, increase is not included in the SM projection. Therefore, the
historical and projection climatologies are the same for the CCSM4 model. There are some
similarities between the SPI6 and SM FOCs but also many differences. All models show some
decrease in the occurrence of positive events in the Southwest and northern Mexico which is
consistent with the SPI6 FOC plots. However, the models show these decreases extending up
through the northwestern interior into Canada. In addition, all models show little to no change in
the eastern or northeastern United States whereas the SP16 FOC plots show significant increases
in wet events. The SM FOC for negative events also shows a similar picture in the southwest
with negative events increasing in frequency in most models; however these increases stretch
into the central United States and farther east in all models but the CAN which shows a decrease

in extreme drought events for most of the United States.
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Overall, the conclusion from the CMIP3 experiments pertaining to increased drought in
the southwest and wet events in the Northeast still holds for the CMIP5 experiments. However,
unlike in the CMIP3 projections, the differences in the SPI16 and SM patterns are due to changes
in climatology and not a result of changes to the ENSO pattern caused by SSTA variability.

b) Changes in P and Atmospheric Circulation

Since the climatology plays an important role in determining the changes in FOC, we will
examine whether the P climatology difference between the historical and projected experiments
has the same signature for the other models which did not have long enough records or enough
ensemble members to compute the FOC. Figure 12 shows the annual P mean difference. There
are differences from one model to another, but all of them show that RCP 8.5 experiments
overall are drier over the Southwest and Northern Mexico and wetter over the Northeast and the
Northern Unites States. The one exception is the CAN model which shows only weak dryness in
Eastern Mexico and Texas and wetness along the Pacific coast. This is also evident in the FOC
plots in Figs. 9 and 10. This is further evidence that models need to get the change in
climatology correct to simulate the change in FOC. Similar differences are also observed in the
RCP 4.5 experiments (not shown). These results are consistent with Fig. 1 in Maloney et al.
(2012) which shows that in the CMIP5 13-model ensemble the dryness in the southwest and the
wetness in the northeast are mostly winter features, although dryness is also evident in the
summer farther south in Central America. The models also show significant agreement in these
areas during both seasons (Fig. 2, Maloney et al. 2012).

We have shown that the changes in FOCs between the RCP 8.5 or RCP 4.5 experiments and
historical experiments are due to the changes in climatology between the historical experiment

and the projections. All models show a similar pattern in P climatological differences. Therefore,
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even though models are not able to capture the FOC of extreme events, the projections can still
be trusted.

The changes in P climatology can be linked to warming in the tropical oceans. Fig. 13
displays the differences in the mean P climatology (left) and SSTA climatology (right) between
the RCP 8.5 and historical experiments during the winter months of January to March (JFM) as
an example. All five models show warming in the global ocean. In the Tropics, the differences
can be 1-3 °C which are as large as the warming during a typical warm ENSO event. With
warming in the Tropics, there is increased convection and more positive P differences between
the RCP 8.5 and historical experiments. The largest positive P differences are in the tropical
Pacific along the equator and are mostly co-located with the largest temperature increases. In
addition, all models show dryness over Central America and just north of the increased P near
the equator. With rising motion from the enhanced convection in the tropical Pacific, the
downward branch of the Walker circulation is located over Central America. And with strong
precipitation anomalies in the Tropics, the enhancement of the Hadley circulation may cause the
expansion of the subtropical dry zone, which includes the southwest United States, in response to
increases in SSTAs. All models show this expansion of the dry zone which is similar to results
seen in the CMIP3 experiments (Seager et al. 2007). The increased wetness in the Northeast is
also seen in the CMIP3 results (Seager and Vecchi 2010). Fig. 13 in Maloney et al. (2012)
shows that this may be caused by a shift in the storm tracks northward in the RCP 8.5
projections. Their Fig. 13 uses a 16-member ensemble of CMIP5 models to show the winter
storm track activity increasing over most of North America at the 250 hPa level. The increase in
storm track activity is pushed farther north into Canada during the summer months, and there is a

decrease in activity over the United States. This is consistent with our analysis which found that
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the increased wetness in the Northeast is dominated by the winter months and not nearly as

substantial during the summer (not shown).

4. Conclusions

In this paper, we have examined the ability of the CMIP5 models to capture the FOC of
extreme events. To do this, 14 models were chosen from the CMIP5 submissions. Only the
CCSM4 model fully captures the observed SPI6 FOC with a band of maxima extending from
Nevada to western Texas. The CAN and MRI models have maxima over the western region, but
the magnitudes are too weak. The MPI model captures the maximum over the western region,
but the second maximum located over the Southern Plains is too strong. The CCSM4 model also
has realistic P climatology and is able to capture the responses to ENSO. All models except the
MIROC-ESM have a realistic ENSO signature, but not all models are able to capture the P
responses to ENSO events.

The changes between the RCP and historical experiments were analyzed, and it was
found that there is little change in FOC when the RCP climatology is used for the RCP
experiments, but that large changes occur when the historical climatology is used to calculate
anomalies for FOC. Therefore, the differences in FOC are mainly due to changes in climatology.
The changes in the SSTA variability do not seem to play an important role. Therefore, the model
projections can be trusted. The biggest changes in climate from the historical to the projection
experiments are the increased dryness and occurrence of drought in the southwest United States
and wetness over the Northeast. This is consistent with results from the CMIP3 experiments.

The differences between the RCP 4.5 and RCP 8.5 experiments were also analyzed. The

differences in FOCs when comparing the RCP 4.5 and RCP 8.5 experiments are small. This
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implies that once the CO, reaches a certain threshold, there is little change in the occurrence of
extreme events.

Finally, increases in CO, cause the SSTs in the tropical oceans to increase between 1-3
°C which then causes precipitation and convection to increase in the tropical Pacific. The
strengthening of the Hadley circulation expands the dryness in the subtropics. This then causes
dryness over the Caribbean, Central America, and the Southwest. The northward shift in the

storm tracks also may increase the wetness over the Northeast.
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514

515

516

517

518

519

Model Oraanization Resolution | Historical | Historical | RCP 8.5/4.5
9 (degrees) Period Members | Members
CanESM2 Canadian Centre for Climate 28 5 5/5
(CAN) Modelling and Analysis '
CCSsm4/
RSMAS NCAR, University of Miami 1.25x0.94 6 5/5
(CCSM4)
CSIRO- Commonwealth Scientific and
MK3.6.0 Industrial Res_earch Organization/ 1.875 10 10/10
(CSIRO) Queensland Climate Change Centre
of Excellence
IPSL-CM5A- . . .
LR (IPSL) Institut Pierre-Simon Laplace 3.75x1.89 4 474
MPI-ESM-LR Max Planck Institute for
(MPI) Meteorology 1.875 3 3/3
BCC-CSM1-1 Beijing Climate Center, China 28 3 1/1
(BCC) Meteorological Administration '
Centre National de Recherches
CNRM-CM5 | Meteorologiques / Centre Europeen 14 9 5/1(0)
(CNRM) de Recherche et Formation '
Avancess en Calcul Scientifique
GFDL- . .
ESM2G N%Ag rﬁfczpﬁnggtgr'“'d 25x2 | 18612005 | 3 (1) 1/1
(GFDL) y y
HadGEM2-ES .
(HadGEM?2) Met Office Hadley Centre 1.875x1.25 | 1860-2005 4 4/4
MRZ\;:F?IC):MS Meteorological Research Institute 1.125 3 1/1
NorESM1-M . .
(NCC) Norwegian Climate Centre 2.5x1.89 3 1/1
Atmosphere and Ocean Research
Institute (University of Tokyo),
MIROC-ESM National Institute for Environmental 2.8 3 171
Studies, & Japan Agency
for Marine-Earth Science and
MIROC4h Technology 0.56 1950-2005 3 0/3
GISS-E2-H, p2 | NASA Goddard Institute for Space
(GISS) Studies 25x2 5 0/0

Table 1. CMIP5 Experiment Information. Historical period given if it differs from the 1850-

2005 period. If the number of soil moisture members differs from the other variables, it is

included in parenthesis.
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Figure Captions

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Annual mean P for a) CanESM2, b) CCSM4, c) CSIRO-Mk3.6.0, d) IPSL-CM5A-LR, €)
MPI-ESM-LR, f) Observations, g) BCC-CSM1.1, h) CNRM-CM5, i) GFDL-ESM2G, )
HadGEM2-ES, k) MRI-CGCM3, I) NorESM1-M, m) MIROC-ESM, n) MIROC4h, and
0) GISS-E2-H climatology for the historical experiments. Contour interval is given by

the color bar.

Frequency of occurrence (FOC) of extreme events that persist more than 9 months based
on SPI16 index averaged over positive and negative events for a) CanESM2, b) CCSM4,
c) CSIRO-MkK3.6.0, d) IPSL-CM5A-LR, €) MPI-ESM-LR, f) Observations, g) BCC-
CSM1.1, h) CNRM-CMS5, i) GFDL-ESM2G, j) HadGEM2-ES, k) MRI-CGCM3, I)
NorESM1-M, m) MIROC-ESM, n) MIROC4h, and o) GISS-E2-H for the historical

experiments. Contour interval is 0.05.

Same as Fig. 2, but for extreme events selected according to SM. Contour interval is 0.1.

Same as Fig. 1, but for P seasonal cycle defined as the climatological difference (Pmax-

Composite of surface temperature anomaly difference between cold and warm ENSO
events averaged over four seasons for a) CanESM2, b) CCSM4, c) CSIRO-Mk3.6.0, d)
IPSL-CM5A-LR, €) MPI-ESM-LR, f) Analysis, g) BCC-CSM1.1, h) CNRM-CMS5, i)
GFDL-ESM2G, j) HadGEM2-ES, k) MRI-CGCM3, 1) NorESM1-M, m) MIROC-ESM,
n) MIROC4h, and 0) GISS-E2-H in the Tropical Pacific for the historical experiments.

Contour interval is 1° C.
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Fig. 6:

Same as Fig. 5, but for SP16. Contour interval is 0.3.

Fig.7: Characteristic time of soil moisture for a) CanESM2, b) CCSM4, c) CSIRO-Mk3.6.0, d)

IPSL-CM5A-LR, e) MPI-ESM-LR, f) Analysis, g) BCC-CSM1.1, h) CNRM-CM5, i)
GFDL-ESM2G, j) HadGEM2-ES, k) MRI-CGCM3, I) NorESM1-M, m) MIROC-ESM,
n) MIROC4h, and o) GISS-E2-H for the historical experiments. Contour interval is

given by the color bar. The unit is months.

Fig. 8: Difference in SP16 FOC for positive RCP 8.5 events based on RCP 8.5 climatology minus

Fig. 9:

positive Historical events based on Historical climatology for (a) CanESM2, (b) CCSM4,
(c) CSIRO-MkK3.6.0, (d) IPSL-CM5A-LR, and (e) MPI-ESM-LR. (f)-(j) same as (a)-(e)

except for negative events. Contour interval is given by the color bar.

Difference in SP16 FOC for positive RCP 8.5 events based on Historical climatology
minus positive Historical events based on Historical climatology for (a) CanESM2, (b)
CCSM4, (c) CSIRO-MK3.6.0, (d) IPSL-CM5A-LR, and (e) MPI-ESM-LR. (f)-(j) same

as (a)-(e) except for RCP 4.5 experiment. Contour interval is given by the color bar.

Fig. 10: Same as Fig. 9, but for negative events.

Fig. 11: Difference in SM FOC for positive RCP 8.5 events based on Historical climatology

minus positive Historical events based on Historical climatology for (a) CanESM2, (b)
CSIRO-MkK3.6.0, (c) IPSL-CM5A-LR, and (d) MPI-ESM-LR. (e)-(h) same as (a)-(d)

except for negative events. Contour interval is given by the color bar.

Fig. 12: Difference in annual mean P climatology for RCP 8.5 minus Historical experiments for

a) CanESMZ2, b) CCSM4, c) CSIRO-Mk3.6.0, d) IPSL-CM5A-LR, €) MPI-ESM-LR, f)
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BCC- SM1.1, g) CNRM-CM5, h) GFDL-ESM2G, i) HadGEM2-ES, j) MRI-CGCMS3, k)
NorESM1-M, and 1) MIROC-ESM. Contour interval is 0.1 mm day™. Contours for 0.05

mm day™ are added.

Fig. 13: Difference in annual mean P for RCP 8.5 minus Historical experiments during JFM for
(@) CanESM2, (b) CCSM4, (c) CSIRO-Mk3.6.0, (d) IPSL-CM5A-LR, and (e) MPI-ESM-

LR. (f)-(j) same as (a)-(e) but for SSTs.
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Fig. 1: Annual mean P for a) CanESM2, b) CCSM4, c¢) CSIRO-Mk3.6.0, d) IPSL-CM5A-LR, e)
MPI-ESM-LR, f) Observations, g) BCC-CSM1.1, h) CNRM-CMS5, i) GFDL-ESM2G, j)
HadGEM2-ES, k) MRI-CGCM3, I) NorESM1-M, m) MIROC-ESM, n) MIROC4h, and
0) GISS-E2-H climatology for the historical experiments. Contour interval is given by
the color bar.
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577 Fig. 2: Frequency of occurrence (FOC) of extreme events that persist more than 9 months based  on SPI6 index
578 averaged over positive and negative events for a) CanESM2, b) CCSM4, ¢) CSIRO-Mk3.6.0, d) IPSL-
579 CM5A-LR, e) MPI-ESM-LR, f) Observations, g) BCC-CSM1.1, h) CNRM-CMS5, i) GFDL-ESM2G, j)
580 HadGEM2-ES, k) MRI-CGCM3, I) NorESM1-M, m) MIROC-ESM, n) MIROC4h, and o) GISS-E2-H for
581 the historical experiments. Contour interval is 0.05.

30



582

583

584

Fig.3

frequency of occurrence of extreme
f} NLDAS

a) CAN

events (SM)

kY MR
P i W e T el
A

(e

1208

1108 100w BOW  BOW  TOW

b) CCSM4 g) BCC

gEgELE

1

Y ; =
I 10N IDOW  SOW AW TOW 120w 1 000 oW M TOW
h) CHRM m) MIROC—ESM

12080

TEREN

E§EEES

;A
1108 100W BOW 80N TOW

d} IPSL

R
1200 110W 100N G0W  BON  TOW

n) MIROC4h

T ?&i’ﬁ-t AL

: lgu :

3 i I ;ﬁ.iir'n_;f_‘-'_

%) i; ﬁ“*;’ o
i O

p_ 3ol SEEEAS

k i
1ZW 110W  10OW  SOW  BOW  TOW

) HadGEM2

5%

1200

Fig. 3: Same as Fig. 2, but for extreme events selected according to SM. Contour interval is 0.1.

1108 100W 90w 0N

T s

II.F-'

31



Histarical Seascnal Cycle, (Pmaox—Pmin} /2
a) CaN

SN p

o
o F'."{)E
4K P .

[
A==
]|

e

2=
AL T
.

=L
S

585 [mm /dar]
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589  Fig. 5: Composite of surface temperature anomaly difference between cold and warm ENSO
590 events averaged over four seasons for a) CanESM2, b) CCSM4, ¢) CSIRO-Mk3.6.0, d)
591 IPSL-CM5A-LR, €) MPI-ESM-LR, f) Analysis, g) BCC-CSM1.1, h) CNRM-CMS5, i)
592 GFDL-ESM2G, j) HadGEM2-ES, k) MRI-CGCM3, I) NorESM1-M, m) MIROC-ESM,
593 n) MIROC4h, and 0) GISS-E2-H in the Tropical Pacific for the historical experiments.
594 Contour interval is 1° C.
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596  Fig. 6: Same as Fig. 5, but for SPI6. Contour interval is 0.3.
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598  Fig.7: Characteristic time of soil moisture for a) CanESM2, b) CCSM4, c) CSIRO-Mk3.6.0, d)
599 IPSL-CM5A-LR, e) MPI-ESM-LR, f) Analysis, g) BCC-CSM1.1, h) CNRM-CMS5, i)
600 GFDL-ESM2G, j) HadGEM2-ES, k) MRI-CGCM3, I) NorESM1-M, m) MIROC-ESM,
601 n) MIROC4h, and o) GISS-E2-H for the historical experiments. Contour interval is
602 given by the color bar. The unit is months.
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605  Fig. 8: Difference in SP16 FOC for positive RCP 8.5 events based on RCP 8.5 climatology minus
606 positive Historical events based on Historical climatology for (a) CanESM2, (b) CCSM4,
607 (c) CSIRO-MK3.6.0, (d) IPSL-CM5A-LR, and (e) MPI-ESM-LR. (f)-(j) same as (a)-(e)
608 except for negative events. Contour interval is given by the color bar.
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Difference in SP16 FOC for positive RCP 8.5 events based on Historical climatology
minus positive Historical events based on Historical climatology for (a) CanESM2, (b)
CCSM4, (c) CSIRO-MkK3.6.0, (d) IPSL-CM5A-LR, and (e) MPI-ESM-LR. (f)-(j) same
as (a)-(e) except for RCP 4.5 experiment. Contour interval is given by the color bar.
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615  Fig. 10: Same as Fig. 9, but for negative events.
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616
617  Fig. 11: Difference in SM FOC for positive RCP 8.5 events based on Historical climatology
618 minus positive Historical events based on Historical climatology for (a) CanESM2, (b)
619 CSIRO-MK3.6.0, (c) IPSL-CM5A-LR, and (d) MPI-ESM-LR. (e)-(h) same as (a)-(d)
620 except for negative events. Contour interval is given by the color bar.
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RCPE85—Historical Annual Meon Precipitation
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Fig. 12: Difference in annual mean P climatology for RCP 8.5 minus Historical experiments for
a) CanESM2, b) CCSM4, c) CSIRO-Mk3.6.0, d) IPSL-CM5A-LR, e) MPI-ESM-LR, f)
BCC- SM1.1, g) CNRM-CMS5, h) GFDL-ESM2G, i) HadGEM2-ES, j) MRI-CGCM3, k)
NorESM1-M, and I) MIROC-ESM. Contour interval is 0.1 mm day™. Contours for 0.05
mm day™ are added.
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627
628  Fig. 13: Difference in annual mean P for RCP 8.5 minus Historical experiments during JFM for
629 (a) CanESM2, (b) CCSM4, (c) CSIRO-Mk3.6.0, (d) IPSL-CM5A-LR, and (e) MPI-ESM-
630 LR. (f)-(j) same as (a)-(e) but for SSTs.
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